The 15 N composition of sediments has been used as a proxy for nitrate utilization in surface waters to assess the role of Southern Ocean export production in glacial/interglacial changes in atmospheric CO 2 concentration. Interpretation has relied on a temporally constant isotope effect () associated with uptake and assimilation of nitrate by phytoplankton. To investigate the reliability of this approach, we examined the relationships between the 15 N compositions of dissolved nitrate, bulk and size-fractionated (200, 70, 20, 5, 1 m) suspended particulate organic nitrogen (PON), and sinking particles obtained from sediment traps during the Southern Ocean iron release experiment (SOIREE). We found variations in phytoplankton nitrogen isotopic compositions with both cell size and iron availability. ␦ 15 N PON increased by Ͼ2‰ with increasing size, both within and outside the ironenriched patch. In comparison to unfertilized waters, ␦ 15 N PON within the iron-fertilized patch was a further 3-4‰ higher in those size fractions dominated by large diatoms (20-70, 70-200 m). We speculate that this iron response might result from (1) variation in of nitrate utilization or (2) an iron-stimulated shift from ammoniumbased to nitrate-based production. Comparing the ␦ 15 N of the large diatom-dominated size fractions to the ␦ 15 N of nitrate suggests relatively low values of 4-5‰, in contrast to estimated values of 7-10‰ from seasonal nitrate depletion and export production. This suggests that higher glacial ␦ 15 N in Southern Ocean sediments could, in part, reflect increases in iron availability, dominant cell size, and possibly growth rates, and these effects must be considered in any quantitative scaling of ␦ 15 N variations, including those of diatom-bound ␦ 15 N, to the extent of nitrate utilization.
The nitrogen isotopic composition of sediments has been used as a palaeoproxy for nitrate utilization in the Southern Ocean to investigate the region's role in driving glacial/ interglacial changes in atmospheric CO 2 composition (François et al. 1992 (François et al. , 1997 Sigman et al. 1999a) . Increased nutrient utilization in the glacial Southern Ocean could be linked to lower atmospheric CO 2 through changes in the efficiency of the biological pump, or reduced nutrient supply and release of CO 2 to the atmosphere (e.g., Kumar et al. 1995; François et al. 1997 and references therein) . Ni-trogen isotope data from the Antarctic region of the Southern Ocean suggests that nitrate utilization in the glacial Southern Ocean was twice the current value, supporting a significant role for the region in lowering glacial atmospheric CO 2 concentrations (François et al. 1997; Sigman et al. 1999a ). The nitrogen isotopic composition of sediments provides a proxy of the fractional extent of nutrient utilization but must be combined with models of export and supply to provide information on the mechanism leading to changes in utilization or the resulting effect on extent of CO 2 sequestration or degassing.
Both field-based and culture studies (see references in Sigman et al. 1999a ) have demonstrated that the isotopic composition of particulate organic nitrogen (PON) can be used as a proxy for the extent of nitrate utilization. Isotopic fractionation during nitrate uptake by organic matter leads to preferential incorporation of 14 N relative to 15 N into phytoplankton cells. As the nitrate supply is consumed and fractionated, the nitrate in surface waters becomes progressively enriched in 15 N, producing a subsequent increase in the 15 N content of newly formed PON. Thus, increased nitrate utilization is reflected in an increase in ␦ 15 N PON of suspended and sinking particles and, ultimately, in sediments (e.g., François et al. 1992; Altabet and François 1994) .
A major uncertainty associated with use of the nitrogen isotope palaeoproxy is potential variation in the isotope effect () associated with nitrate utilization by phytoplankton (Altabet and François 1994; Sigman et al. 1999b) . Temporal variations in the isotope effect could lead to changes in the isotopic composition of the sinking nitrogen flux that would be erroneously interpreted as changes in the extent of nitrate utilization. Surprisingly few studies have addressed potential controls on the isotope effect accompanying nitrate assimilation such as cell size and growth rate. Iron availability is another potential control on the nitrogen isotope effect, as nitrate assimilation is catalyzed by two iron-containing enzymes, and accumulating evidence suggests iron availability partially controls phytoplankton community composition in the Southern Ocean (see review in de Baar and Boyd 1999) .
To investigate potential relationships between the isotope effect of nitrate utilization and iron availability, cell size, and growth rate, this study examined relationships between the 15 N compositions of bulk and size-fractionated suspended PON, sinking particles, and dissolved nitrate during the Southern Ocean Iron RElease Experiment (SOIREE). We found evidence for variation in nitrogen isotopic compositions with both cell size and iron availability, results that could affect quantitative scaling of the ␦ 15 N palaeoproxy to past nitrate utilization in the Southern Ocean.
Methods
Oceanographic setting-SOIREE was carried out at 61ЊS 140ЊE south of Australia in late summer. The experiment took place in a moderately deep mixed layer (ϳ65 m) in the presence of abundant dissolved nitrate, phosphate, and silicate (ϳ25, 1.5, and 10 mol L Ϫ1 , respectively), although considerable seasonal nutrient depletion had already occurred .
Surface waters were fertilized with iron as acidified FeSO 4 ·7H 2 O and sulfur hexafluoride (SF 6 ) as a tracer on day 1 (defined as the 24-h period starting at 0100 h, 10 February 1999 NZST), and again with iron alone on days 3, 5, and 7. Monitoring of the patch consisted of daily underway mapping of the iron and SF 6 tracer and CTD and pump sampling of the center of the fertilized area, as defined by the SF 6 tracer. Waters outside the fertilized area were sampled less frequently, and because of ship logistics, the location of outpatch hydrographic stations varied relative to the patch center. Possible spatial variability in out-patch samples should be kept in mind in assessing any temporal changes. Shipboard monitoring ceased on day 13, 22 February 1999. The iron fertilization induced an almost sixfold increase in phytoplankton biomass (based on chlorophyll a [Chl a]), a floristic shift from picoplankton to large diatoms (Gall et al. 2001a) , and an approximate doubling of PON within the mixed layer over the observation period, but essentially no changes below the mixed layer (Gall et al. 2001a ). An overview of SOIREE is available (Boyd et al. 2000) , and many aspects have been described in detail in a dedicated volume of Deep-Sea Research II (48(11-12), 2001 tive of initial conditions because little change in beam attenuation, primary productivity rates, column-integrated Chl a, or mean biovolume had occurred from day 0, (2) day 12 from outside the patch late in the experiment, and (3) day 13 from within the patch late in the experiment. Nutrient concentrations were measured by another group (Frew et al. 2001) . Samples for ␦ 15 N were filtered through GF/F glass NO 3 fiber filters at low pressure using a Teflon and glass system, acidified to pH Ͻ2 with 5 l ml Ϫ1 50% phosphoric acid, and stored refrigerated in the dark until analysis.
Nitrate nitrogen isotopic compositions were determined using the ''denitrifier method''-a microbial conversion of the sample nitrate to N 2 O followed by isotopic analysis of the N 2 O product by continuous flow isotope ratio mass spectrometry (Sigman et al. 2001) . The isotopic composition of the N 2 O was measured relative to N 2 O from a gas cylinder. Referencing to atmospheric N 2 was by comparison to replicates of the KNO 3 reference material IAEA-N3 (␦ 15 N ϭ 4.7‰) processed with each batch of samples. Replication of samples and the reference material indicated a precision of Ϯ0.2‰ (ϮSD) or better, as reported previously for this method.
Particle
15 N analyses-Three types of particle samples were obtained and analyzed for their N content and isotopic composition: bulk suspended particles, size-fractionated suspended particles, and sinking particles. Suspended particles were collected via a high-volume submersible pump within and outside the patch from 10, 30, 65, and 100 m (bulk) and 30 and 100 m (size fractionated). Sinking particles were collected using trap arrays deployed at ϳ110 m. Full details of the collection procedures for these samples are presented in Trull and Armand (2001 and references therein) . The size fractions were examined by light microscopy; representative counts of relative percent abundances and a complete list of the species encountered can also be found in Trull and Armand (2001) . ␦ 15 N analysis of particle samples was conducted using a Finnagin Delta-S IRMS coupled with a Carlo Erba/Fisons 1108 elemental analyzer (EA) via a ConFlo II interface. All samples were sealed in precleaned lightweight tin cups for analysis. The pellets were combusted in a stream of oxygen at an oven temperature of 1,190ЊC in narrow-bore quartz For calibration, a laboratory working standard ML-N 2 (ultra-high purity N 2 ) was injected before and after each sample. The standard was calibrated against purified atmospheric N 2 using dual-inlet infrared isotope ratio mass spectroscopy (IRMS). In addition, IAEA standards IAEA-N1 ((NH 4 ) 2 SO 4 , ␦ 15 N ϭ 0.43 Ϯ 0.07‰) and IAEA-N3 (KNO 3 , ␦ 15 N ϭ 4.72 Ϯ 0.13‰) were run with each set of analyses. The standards gave a precision of 0.14‰ for IAEA-N1 (n ϭ 77) and 0.16‰ for IAEA-N3 (n ϭ 52). A correction value was added to sample ␦ 15 N results based on the offset between the measured ␦ 15 N of standards and their specified values during each analysis period (samples were run in three groups separated by 2-3 months; correction values were 0.38‰, 0.33‰, and 0.35‰, respectively). Precision of replicate samples was better than 0.3‰ within and across analysis periods. Organic C : N ratios were also analyzed using an elemental analyzer following the methods detailed in Lourey and Trull (2001) . Precision for working standards was better than 1%, but sample reproducibility was limited by the filter subsampling and is typically closer to ϳ10% for concentrations and ϳ5% for POC : PON ratios. Unfortunately, the ship schedule and sampling methods precluded sampling sizefractionated and bulk particles on the same day. Comparing samples from similar stages of the experiment showed a variation of Ϯ1‰ between summed size fraction ␦ 15 N PON and bulk ␦ 15 N PON . This difference might be attributable to changes in the water column between sampling days. However, it is possible that the sampling techniques affected the ␦ 15 N PON values of the size fractions. Summed size fraction PON concentrations were typically half of the bulk PON values, suggesting that filtering of the size fractionated samples led to low sample concentration.
Results and interpretation
Nitrate concentrations and isotopic compositions-Considerable seasonal depletion of nitrate in the summerwarmed surface mixed layer had already occurred at the start of SOIREE, as shown by the vertical profiles in Fig. 1 . The temperature minimum layer (T min ) at 100-120 m is characteristic of the cold wintertime mixed layer that has been capped by the warmer summertime mixed layer; as such, the T min provides an estimate of the [NO ] 13 d of observation (as shown by the profiles for day 13 in Fig. 1 ). The nitrogen isotopic fractionation accompanying the seasonal nitrate depletion observed can be estimated by fitting the data to the Rayleigh fractionation equation for a closed system experiencing nitrate removal with constant accompanying isotopic fractionation, denoted by ,
of the nitrate pool utilized. The vertical profiles both inside and outside the SOIREE iron-fertilized waters conform reasonably well to this relation. The profiles from days 3, 12, and 13 suggest values of ϭ 10.0 Ϯ 1.2‰, 9.5 Ϯ 1.2‰, and 8.9 Ϯ 1.1‰ with r 2 values of 0.98, 0.98, and 0.99, respectively. The three estimates yield an uncertainty weighted mean and standard error (2) of 9.4 Ϯ 0.9‰. Unfortunately, the SOIREE-induced nitrate depletion and ␦ 15 N increase was too small to permit separate estimation NO 3 of the isotopic fractionation accompanying nitrate uptake during the SOIREE bloom from the seasonal effect. An ϭ 9.4 Ϯ 0.9‰ is at the high end of the range of previous field-based estimates of the isotope fractionation effect of nitrate uptake (4-9‰), in particular by comparison to early estimates for the Southern Ocean of 4-6‰ (Sigman et al. 1999b ). Altabet and François (2001) recently estimated a similarly high ϭ 8.2‰ for the Antarctic Zone at 190ЊE using both summertime depth profiles and seasonal variations in the mixed layer. Our higher estimates arise partially because summertime surface ␦ 15 N values are ϳ0.5‰ higher for a given nitrate concentration in the Antarctic south of Australia (D. Sigman, M. Lourey, and T. Trull unpubl. data) than in the eastern Indian Pacific sector (Sigman et al. 1999b) . However, as with the results of Altabet and François (2001) , our higher epsilon estimates relative to earlier studies are also partly due to the choice of ''initial'' values of [NO ] and ␦ 15 N . The higher estimates in Altabet and Fran-
çois (2001) and this study use initial values from the T min layer, whereas the study resulting in ϭ 4-6‰ used values from a deeper source, owing to concerns that the T min layer could have experienced alteration of NO and ␦ 15 N from
remineralization. Nitrate in the T min layer during SOIREE showed no evidence of seasonal remineralization inputs; it was identical to winter mixed-layer concentrations measured in earlier years at the SOIREE site ). These estimates of isotopic fractionation all derive from the simple closed-system description of Eq. 1. Although the simple closed-system description is clearly incomplete, it can be used with reasonable confidence with the relatively low nitrate utilization (typically 20%) experienced in the Southern Ocean; there is little difference in the determination of between open and closed systems at high and low values of u (Sigman et al. 1999b; Altabet and François 2001) . Because any resupply of nitrate would require a higher value of to produce the observed ␦ 15 N increase, our estimate NO 3 of using a closed system is a minimum. Our estimate of for the SOIREE region using [NO ] and ␦ 15 N is sup-
ported by applying the instantaneous product equation derived from Rayleigh fractionation kinetics to the pre-iron fertilization suspended and sinking particle ␦ 15 N PON (discussed further below). Epsilon values calculated in this way are ϳ9‰ (suspended ␦ 15 N PON ) and ϳ7-8‰ (sinking ␦ 15 N PON ). The lower isotope effect provided by the sinking flux number suggests that the nitrate-based isotope effect might be too high. Given this and the considerations discussed above, a range of 7-10‰ is consistent with the results of this study and appears to be a reasonable estimate for for seasonal nitrate depletion at the Antarctic Zone SOIREE site.
Bulk suspended particle
15 N composition-Bulk suspended particle ␦ 15 N PON values generally ranged between Ϫ3 and 1‰ throughout SOIREE. All vertical profiles, both inside and outside the iron-enriched patch, revealed 15 N-enriched particle compositions at middepth (30 m) within the surface mixed layer and below the mixed layer at 100 m (representative profiles are shown in Fig. 2 and complete data are in Table 2 in Web Appendix 1). Compared to outside the patch, in-patch samples were generally more 15 N-rich, and the 30-m and submixed-layer enrichments were more pronounced. The submixed-layer 15 N enrichment has been observed in previous studies and attributed to isotopic fractionation accompanying remineralization (e.g., Saino and Hattori 1980; Altabet and McCarthy 1986) . There is perhaps some slim evidence for submixed-layer remineralization effects in the slightly elevated POC : PON ratios we observed below the mixed layer in both bulk and size-fractionated particles; POC : PON ratios tend to increase with remineralization as N is remineralized preferentially to C.
Within the in-patch mixed layer, the depth of maximal ␦ 15 N PON at 30 m corresponds to the depth of maximal primary production (Gall et al. 2001b ) and maximal PON concentration (Fig. 2) . At this depth, ␦ 15 N PON increased over time by ϳ2‰ in the iron-fertilized waters, with a maximum on day 9 of the 13-d observation period (Fig. 3) . This temporal change in ␦ 15 N PON corresponds to the temporal increase in PON and Chl a concentration observed at the same depth (Fig. 3) . The temporal increase in ␦ 15 N PON was about four times larger than the increase of ϳ0.5‰ of ␦ 15 N in the NO 3 mixed layer (at 40 m) over the same period (Fig. 2) . This disparity contrasts with the expectation from Rayleigh fractionation kinetics that new PON (the instantaneous product, PON-in) will increase in parallel with that of the source nitrate, offset by the isotopic fractionation factor for nitrate uptake (e.g., Sigman et al. 1999b 
and that accumulating PON (PON-ac) will increase by even less.
(In Eq. 3, the term modifying is negative and Ͼ1, and ␦ 15 N denotes the concurrent nitrate isotopic composition.)
Both of these equations describe a single population of PON, but SOIREE included an evolving combination of the initial mix of slowly growing phytoplankton and detritus with the iron-induced phytoplankton production. Assuming that the initially present PON (day 3) was being removed slowly with a residence time of ϳ10 d (primarily via respiration at 10% of the initial production rate, as removal by sinking [Nodder and Waite 2001] gesting that (1) iron induced a decrease in the of the phytoplankton nitrate uptake; (2) iron induced other changes in the phytoplankton population that led to increased ␦ 15 N PON , the most likely being a shift from ammonium-based to nitrate-based production; or 3) the comparison of PON and nitrate isotopic compositions is biased by some other effect of the fertilization not driven by iron (e.g., entrainment of new nitrate or isotopically different PON into the patch). The last possibility appears unlikely because exchange with surrounding waters was very small, ϳ0.03 d Ϫ1 (Hannon et al. 2001) , and is not discussed further. The other two explanations of the nitrogen isotopic changes are discussed in detail below, after examining additional insights gained from the ␦ 15 N PON of the sediment trap and the size-fractionated suspended particles.
Sinking particle
15 N compositions-Sinking particles trapped at 110 m at the start of SOIREE both in and outside the iron-fertilized waters exhibited ␦ 15 N PON values near 0‰ (Fig. 2 and (Fig. 2) . This suggests that the 15 Nenriched PON in the fertilized mixed layer was not exported in a form that was caught in the traps, although it is possible that some was transferred to the submixed-layer suspended population and contributed to its apparent increase in ␦ 15 N PON in some size fractions over time (as discussed next).
Size-fractionated particle
15 N compositions-The sizefractionated suspended particles provide additional detail on the relationships between iron fertilization and nitrogen isotopic fractionation by phytoplankton. Outside the iron-fertilized waters, particles from the mixed layer at 30 m depth showed a monotonic increase in ␦ 15 N PON with increasing size, from ϽϪ2‰ in the 1-5-m fraction to Ͼϩ0.5‰ in the Ͼ200-m fraction ( Fig. 4a and Table 4 in Web Appendix 1). This increase also occurred within the iron-fertilized waters, but with the added feature of even higher ␦ 15 N PON (by 3-4‰) in the midsize fractions dominated by large, rapidly growing diatoms (Gall et al. 2001b; Trull and Armand 2001) .
Below the surface mixed layer, the variation of ␦ 15 N PON with size was more complex, while still displaying many characteristics similar to those of the mixed-layer fractions. First, the submixed-layer (100 m) size fractions were almost universally 15 N-rich relative to the mixed-layer (30 m) size fractions (Fig. 4a,b and Table 4 in Web Appendix 1), both in and outside the iron-fertilized waters. This is consistent with the submixed-layer ␦ 15 N PON increase seen in the bulk suspended particle depth profiles and is probably a result of remineralization (Fig. 2) . The submixed-layer particles also generally displayed increasing ␦ 15 N PON with increasing size, although this was not always true of the smallest size fraction. This fraction had a nearly 4‰ variation in ␦ 15 N PON , perhaps reflecting the greater diversity of small particle sources at this depth, including small phytoplankton, fragments of larger sinking particles, and partially remineralized large particles. Most surprisingly, the ␦ 15 N PON of midrange fractions (5-20 and 20-70 m) was high in the samples from beneath the iron-fertilized waters in a similar fashion to the mixedlayer samples. The cause of this increase is unclear. As noted above, export to the traps from the mixed layer was negligible (Boyd et al. 2000; Nodder and Waite 2001; Trull and Armand 2001) , little phytoplankton growth occurred at 100 m (Gall et al. 2001b) , and there was no evidence for an ironinduced change in microbial activity (Hall and Safi 2001) . Particle sinking and disaggregation could transfer mixed-layer particles to the submixed-layer suspended particle pool without an increase in export to the traps. It is also possible the ␦ 15 N PON variations in the 100-m size-fractionated samples derive from other sources, such as spatial or temporal variations in particle sources or the history of remineralization. al nitrate consumption and an increase in ␦ 15 N PON below the mixed layer in response to remineralization (Fig. 2) are well known (e.g., Altabet and McCarthy 1986; Sigman et al. 1999b) , and the seasonal epsilon we calculate for the region is similar to recent studies (Altabet and François 2001) . However, this is the first work to document ␦ 15 N PON variation with particle size in Southern Ocean samples and in relation to iron availability. We next consider these aspects in more detail, and speculate as to their possible origins. In doing so, we focus exclusively on the mixed-layer samples, where increased iron availability and its effects were unequivocal. We then examine how these results might affect interpretation of the ␦ 15 N palaeoproxy in the Southern Ocean.
␦ 15 N PON relation to particle size-A few studies have previously addressed variation in ␦ 15 N PON with plankton size in temperate waters. The ␦ 15 N PON of particles Ͼ75 m was found to be consistently ϳ2‰ higher than 1-75-m particles in the surface layer of the Sargasso Sea (Altabet 1988) . At a coastal Mediterranean site ␦ 15 N PON values ranged from Ϫ0.5 to ϩ5.7‰ among size classes Ͻ3, 3-8, 8-20, 20-150, and Ͼ150 m (Rau et al. 1990 ). Size fractions 8-20, 20-150, and Ͼ150 m exhibited the highest values. These results are similar to our results for the unfertilized Antarctic plankton community during SOIREE, but comparisons must be made with caution because, in the oligotrophic locations, nearly all of the phytoplankton is Ͻ3 m in size, and the larger fractions are dominated by heterotrophs.
Several processes could contribute to the ␦ 15 N PON increase with increasing size in the SOIREE plankton community. The largest SOIREE size fraction contained some copepods and pteropods that fed on small phytoplankton throughout the experiment (Zeldis 2001 ) and could be affected by heterotrophic 15 N enrichment. Trophic transfer of N results in an enrichment in 15 N PON between the food source and consumer (e.g., DeNiro and Epstein 1981; Wada et al. 1987) . The difference in ␦ 15 N PON between the largest size fraction (Ͼ200 m) and smallest (1-5 m) at both 30 and 100 m in this study approximates the average ϳ3‰ increase in 15 N composition per upward shift in trophic level (e.g., Wada et al. 1987) .
During SOIREE, all size fractions Ͻ200 m were dominated by phytoplankton biomass; thus, some process other than heterotrophic enrichment must have contributed to their increase in ␦ 15 N PON with size. Variation in epsilon with cell size, growth rate, or species is a possible contributor. Laboratory and field studies of the potential relationship between growth rate and nitrogen isotopic fractionation have thus far proved equivocal (Wada and Hattori 1978; Montoya and McCarthy 1995; Rau et al. 1998 ). The variation with size might represent different biochemical mechanisms of nitrogen assimilation associated with the different diatom species that dominated the size fractions. Species-specific 15 N fractionation accompanying nitrate uptake has been documented by .5‰, Ϫ0.75‰, and 0.50‰, respectively, for outside the patch and Ϫ3.0‰, Ϫ2.5‰, 1.6‰, and 3.5‰, respectively, for inside the patch based on our results shown in Fig. 4 . We used an algal C : Chl a ratio of 140 (Gall et al. 2001a ) and a Redfield C : N ratio of 6.7. Montoya and McCarthy (1995) between diatoms and dinoflagellates, but unfortunately, variations among diatom species have not been studied in any detail.
Assimilation of other nitrogen forms could also contribute to the ␦ 15 N PON variations with size. Studies in the Southern Ocean have documented that, despite nitrate concentrations Ͼ20 mol L Ϫ1 , phytoplankton include regenerated nitrogen sources such as ammonium and urea as a large fraction of their N nutrition (e.g., Probyn and Painting 1985; Smith and Sakshaug 1990; Sambrotto and Mace 2000) . Ammonium uptake contributes preferentially to primary production in the nanoplankton size class (2-20 m), with nitrate being relatively more important for microplankton (Ͼ20 m) nutrition (e.g., Probyn and Painting 1985) and particularly diatoms (Landry et al. 1997) . Ammonium typically has a low ␦ 15 N relative to nitrate because it derives from degraded PON (Ϫ2‰ at the start of SOIREE compared to 7.8‰ of nitrate), and additional depletion in 15 N accompanies its uptake by phytoplankton (e.g., Waser et al. 1998) . Thus, preferential uptake of ammonium in the smaller size classes will lead to depleted 15 N PON values relative to larger size classes that utilize a larger fraction of nitrate for their nitrogen nutrition. Unfortunately, concentrations and uptake of regenerated nitrogen forms were not measured during SOIREE. Based on the relatively small difference between ␦ 15 N of suspended NO 3 and sinking particles at the start of SOIREE (ϳ2‰), ammonium uptake was a relatively small, but clearly present, influence on PON isotopic compositions. This small effect is consistent with the generally low concentrations of ammonium in open ocean Antarctic Zone waters (e.g., Sambrotto and Mace 2000).
Effects of iron on ␦

15
N PON -The SOIREE iron fertilization spurred a shift to large diatoms (Ͼ20 m), dominated by the species Fragilariopsis kerguelensis and Dactyliosolen antarctica. Their contribution to community primary production increased from 25% before iron enrichment to 60% by the end of the 13-d monitoring period (Gall et al. 2001b ). The change in size distribution to more large cells (with high ␦ 15 N PON values relative to small cells before iron enrichment) can account for less than half of the increase in bulk ␦ 15 N PON that occurred by day 9, as shown in Fig. 5 [Gall et al. 2001a] ) yields the change in bulk ␦ 15 N PON driven by the shift in dominant size from picoto microplankton during SOIREE, and this is only ϳ40% of the increase in bulk ␦ 15 N PON (Fig. 5) . Thus, beyond its effect on dominant cell size, iron must affect ␦ 15 N PON more directly. In-patch size-fractionated ␦ 15 N PON values, those influenced by iron, when multiplied by changes in biomass, more closely approximate the observed temporal increase (Fig. 5) . Iron is likely to have increased the ␦ 15 N PON of the size-fractionated and bulk PON by modifying the same parameters that produced the variations with size before fertilization: community structure, growth rate, and nitrogen source. Changes in the first two parameters implicate a change in the epsilon of nitrate fractionation; a change in nitrogen source does not.
If the increases stem from a change in epsilon, iron reduced the apparent estimated from the offset between bulk ␦ 15 N PON and ␦ 15 N (Eq. 2) from 8-9‰ to ϳ6‰ (Fig. 2) . Algal growth rates within the iron-fertilized waters increased 10-fold from an initial ϳ0.02
The maximum in 15 N PON values echoed the peak in community growth rates (Fig. 3) . The lag time of ϳ4 d could reflect the time required for PON formed after the growth rate increase to replace PON formed prior to iron fertilization. Growth rates of the size fractions with elevated 15 N PON (microplank- Table 1. ton [Ͼ20 m] and nanoplankton [2-20 m]) were consistently higher than those of smaller phytoplankton after day 6 (Gall et al. 2001b ). As reviewed above, the role of growth rate in nitrogen isotopic fractionation is not yet clear.
An iron-induced shift to greater reliance on nitrate in comparison to ammonium could also (or alternatively) have contributed to the high ␦ 15 N PON within the larger size classes. In Southern Ocean incubation experiments, the addition of iron led to enhanced nitrate reductase activity and nitrate uptake with no change in ammonium uptake (Timmermans et al. 1998 ) (phytoplankton use the iron-containing enzymes nitrate reductase and nitrite reductase to reduce and assimilate nitrate, whereas regenerated forms of nitrogen such as ammonium are already reduced). The effect of iron shows a size dependence: iron-induced nitrate uptake increases were confined to large phytoplankton (defined as Ͼ3 m in the study) in Southern Ocean culture studies, with small phytoplankton unaffected in NO uptake rate and biomass by Fe enrichment (Price et al. 1994) . Iron addition leads to increased nitrate uptake rates in large cells and thus higher ␦ 15 N PON values relative to smaller cells that continue to use ammonium.
Scaling sedimentary ␦
15 N PON to nitrate utilization-In the Antarctic, the ␦ 15 N of last glacial maximum (LGM) sediments was 1-4‰ higher than modern sediments (François et al. 1992 (François et al. , 1997 . This magnitude of change has also been observed in diatom frustule-associated organic matter, confirming that it is not a diagenetic effect (Sigman et al. 1999a) . Based on the assumption of a constant , this change has been interpreted to suggest that nitrate utilization during the last ice age was from two to four times its current value (François et al. 1997; Sigman et al. 1999a ), a shift that a simple box model suggests could lower atmospheric CO 2 by the full glacial/interglacial amplitude (Sigman et al. 1999a ). Higher dust deposition during the LGM could have led to higher iron availability (Martin 1990; Mahowald et al. 1998) , and the SOIREE results suggest that might vary with iron availability either directly or via increases in mean phytoplankton size. If the LGM iron inputs induced lower values by 2‰ (e.g., from 8 to 6‰ as suggested by the SOI-REE results), then the higher ␦ 15 N of LGM sediments implies that nitrate utilization in the LGM was closer to one to three times modern values.
The effect of possible ecosystem-driven changes in on the interpretation of the sediment record depends also on whether all phytoplankton contribute to the record. It is possible that large diatoms contribute preferentially to Antarctic sediments. Species such as the heavily silicified F. kerguelensis (which dominated the SOIREE bloom) resist dissolution and appear to dominate sediment assemblages (e.g., Shemesh et al. 1989) . If components of the phytoplankton community contribute preferentially to sediment assemblages, then the effect of community change on the scaling of sedimentary ␦ 15 N changes to nitrate utilization is more complex. (Sigman et al. 1999b ), large-diatom ϭ 4.5‰, and small-cell ϭ 9.0‰ (based on results of this study). In the modern Southern Ocean, where nitrate utilization is ϳ20% and large diatoms dominate the phytoplankton community (large-diatom fraction, 0.8) large-diatom ␦ 15 N PON ranges from ϳ2.1-2.8‰. To account for the observed increase in diatom ␦ 15 N PON from interglacial to glacial periods observed in studies using the diatom-bound proxy (1-4‰, here 2.6‰), there must be about a fourfold increase in nitrate utilization with no change in community composition, but only about a two-to threefold increase in utilization if community dominance in the LGM shifts from the modern large diatoms (large-diatom fraction, 0.8) to smaller cells (large-diatom fraction, 0.2). To illustrate this, Fig. 6 shows a cartoon of how community changes could account for about half of the observed glacial to modern changes in the ␦ 15 N of the sedimentary record of diatom-associated organic matter. This could occur if the LGM phytoplankton community had a much greater proportion of small phytoplankton in comparison to modern Antarctic Zone assemblages (as might occur in a sea icecovered LGM Antarctic Zone), but only large diatoms contributed importantly to the sedimentary record. Table 1 shows accumulated product values of ␦ 15 N PON calculated separately for large and small cells (with an of 4.5 and 9‰, respectively, as observed during SOIREE) from is derived by substituting Eq. 1 written for the whole community [ c ] into Eq. 2 written for a size class characterized by i , and then integrated to obtain the accumulated product ␦ 15 N PON for the size class i.) For the observed modern high-nitrate waters of the Antarctic Zone (which experience ϳ20% nitrate utilization [e.g., Altabet and François 2001] ), a mix of 20% small phytoplankton and 80% large phytoplankton provides good agreement with both the observed SOIREE size-fractionated range of ␦ 15 N PON and observations of ϳ2‰ for ␦ 15 N of diatom-bound organic matter in modern sediments (Fig. 6a) . To obtain the higher ␦ 15 N of ϳ5‰ for diatom-bound organic matter in LGM sediments (Sigman et al. 1999a ) requires about four times greater nutrient depletion (i.e., nitrate utilization of 80%) if no community change is assumed (Fig.  6b) , but an increase to only 60% nitrate utilization if smaller cells were more abundant (80% of the community) in a sea ice-covered LGM Antarctic Zone (Fig. 6c) . We are not arguing that this community change is known to have occurred (little data on cell sizes is available, and then only for those species that leave well-preserved shells). The point is that the scaling of sedimentary ␦ 15 N to nitrate utilization depends on both phytoplankton community structure and on which components of the phytoplankton community dominate the sedimentary record. Moreover, it is not just the magnitude of the scaling that is affected, but also the direction. As seen in this example, if large diatoms control the sedimentary record, then more small phytoplankton in the community leads to higher sedimentary ␦ 15 N. If all phytoplankton contribute equally to the record, more small phytoplankton in the community leads to lower sedimentary ␦ 15 N. As more studies address the size, species, growth rate, and nitrogen source effects on the ␦ 15 N of PON, it will become possible to couple these results with other proxies for community structure to develop more sophisticated interpretations of LGM nutrient dynamics in the Southern Ocean. Key studies to further this approach include (1) determining the variations of ␦ 15 N with cell size in spring, when ammonium contributions are likely to be minimal (and can be determined), so that the role of changes in nitrogen source can be separated from cell size and growth rate variations, and (2) examining exported materials to better understand the degree to which mixed-layer nitrogen recycling affects the scaling between nitrate utilization and the ␦ 15 N of PON. In that regard, recent studies have shown that exported PON in the Southern Ocean does not always display the seasonal cycle expected for nitrate-controlled export production (Van Hale 2002; Lourey unpubl. data) , although annual averages might escape this problem (Altabet and François 2001) . Focusing on large diatoms in these studies remains important because large diatoms (Ͼ20 m) dominate biogenic flux to the sediments in the Southern Ocean and are thought to drive burial of organic carbon now and in the past (Kumar et al. 1995; de Baar and Boyd 1999) .
